Aims/hypothesis The basic helix-loop-helix transcription factor neurogenin-3 (NGN3) commits the fates of pancreatic progenitors to endocrine cell types, but knowledge of the mechanisms regulating the choice between proliferation and differentiation of these progenitors is limited. Methods Using a chromatin immunoprecipitation cloning approach, we searched for direct targets of NGN3 and identified a zinc-finger transcription factor, OVO homologue-like 1 (OVOL1). Transactivation experiments were carried out to elucidate the functional role of NGN3 in Ovol1 gene expression. Embryonic and adult rodents pancreases were immunostained for OVOL1, Ki67 and NGN3. Results We showed that NGN3 negatively regulates transcription of Ovol1 in an E-box-dependent fashion. The presence of either NGN3 or NEUROD1, but not MYOD, reduced endogenous Ovol1 mRNA. OVOL1 was detected in pancreatic tissue around embryonic day 15.5, after which OVOL1 levels dramatically increased. In embryonic pancreas, OVOL1 protein levels were low in NGN3 + or Ki67 + cells, but high in quiescent differentiated cells. OVOL1 presence was maintained in adult pancreas, where it was detected in islets, pancreatic ducts and some acinar cells. Additionally OVOL1 presence was lacking in proliferating ductules in regenerating pancreas and induced in cells as they began to acquire their differentiated phenotype. Conclusions/interpretation The timing of OVOL1 appearance in pancreas and its increased levels in differentiated cells suggest that OVOL1 promotes the transition of cells from a proliferating, less-differentiated state to a quiescent more-differentiated state. We conclude that OVOL1, a downstream target of NGN3, may play an important role in regulating the balance between proliferation and differentiation of pancreatic cells.
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Introduction
There is a critical need to develop a reliable source of beta cells for the treatment of diabetes. To accomplish this, it is necessary to understand the process regulating beta cell differentiation. Knockout and transgenic studies demonstrate that Ngn3 (also known as Neurog3) is essential and sufficient to initiate pancreatic endocrine differentiation [1] [2] [3] [4] . Ngn3-expressing cells can be detected as early as embryonic day (E) 9.5, remain few in number until E12.5 and peak at E14.5, rapidly decreasing to undetectable levels after birth [5] . Such transient expression of the gene encoding neurogenin-3 (NGN3) is sufficient to induce expression of the genes encoding several transcription factors, e.g. NK2 transcription factor related, locus 2 (NKX2.2), paired box gene 4 (PAX4) and neurogenic differentiation 1 (NEUROD1), that regulate endocrine differentiation [6] [7] [8] . NGN3 + progenitors have a very limited capacity to proliferate [9] [10] [11] . Our understanding of the factors regulating the transient expression of Ngn3 and the capacity of endocrine progenitors to proliferate is limited. Approaches based on large-scale analysis of gene expression have successfully identified several downstream targets of NGN3 [12] [13] [14] . However, one of the limitations of such analyses is the difficulty in distinguishing direct vs indirect targets of NGN3. To identify direct targets of NGN3, we used a chromatin immunoprecipitation (ChIP)-based cloning approach. This approach identified a zinc-finger transcription factor OVO homologue-like 1 (OVOL1), which in skin epidermis promotes the transition of precursor cells from a proliferating, less differentiated state to a post-mitotic more differentiated state [15] . We show that OVOL1 is a direct target of NGN3 and that, unlike its other targets such as NEUROD1, NKX2.2, PAX4, insulinoma-associated 1 and myelin transcription factor 1, which are activated by NGN3 [6, 8, 16] , Ovol1 expression is inhibited by NGN3. Consistent with this observation, cells showing high levels of NGN3 have reduced levels of OVOL1; high OVOL1 level was observed in quiescent cells. We suggest that OVOL1 may regulate the capacity of endocrine progenitors to proliferate. Inhibiting its function, therefore, could enhance the proliferation of endocrine precursors resulting in a greater yield of beta cells.
Methods
Cell lines and plasmids AR42J-B13 (rat pancreatic cell line provided by I. Kojima, Institute for Molecular and Cellular Regulation, Gunma University, Gunma, Japan), INS-1 (rat insulinoma cell line provided by C. B. Wollheim, Department of Cell Physiology and Metabolism, University of Geneva, Geneva, Switzerland) and 293Ad cells (Stratagene, La Jolla, CA, USA) were cultured as previously described [17] [18] [19] . Ngn3 (gift of D. J. Anderson, Howard Hughes Medical Institute, Pasadena, CA, USA) and Neurod1 [20] complete DNA coding sequences were amplified by PCR and subcloned into mammalian expression vector pcDNA5/TO (Invitrogen, Carlsbad, CA, USA). Adenovirus (Ad)-mouse NGN3-enhanced green fluorescence protein (EGFP) and Ad-hamster NEUROD1-EGFP have been reported previously [21] . The pCB6-skin 16 mammalian expression vector bearing the mouse Ovol1 coding sequence has been described previously [15] .
Animals Partial pancreatectomy was performed as described previously [22] in young adult Sprague-Dawley rats (90%) and C57BL/6 mice (70-80%) (Taconic Laboratories, Germantown, NY, USA). After 3 or 4 days animals were killed under anaesthesia for sectioning of pancreases for immunohistochemistry. For embryonic pancreases, noon of the day the vaginal plug was detected was designated E0.5. All animal procedures were approved by the Joslin Institutional Animal Care and Use Committee.
Chromatin immunoprecipitation cloning AR42J-B13 cells were plated in 100 mm cell culture dishes and infected for 4 h with AdNGN3-EGFP, AdNEUROD1-EGFP or Ad-EGFP at a multiplicity of infection of 20; medium was replaced and cells were maintained for 48 h. ChIP-cloning experiments were performed with minor modification to the suggested protocol (EZ-ChIP Kit; Upstate, Temecula, CA, USA). To increase the percentage of clones containing AR42J-B13 fragments, we used protein-G magnetic beads without adding blocking DNA to purify protein-DNA complexes. Experiments were performed in duplicate; the ChIP-cloning protocol was repeated twice. Plasmids from ∼50 to 80 colonies from AdNGN3-EGFP-infected cells and ∼20 to 30 colonies from Ad-EGFP-infected cells were isolated and sequenced. The sequence of each insert was compared against the rat genome database using BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi) to determine the identity/location of each insert. Sequences were then analysed for the presence of DNA binding motif for the basic helix-loop-helix (bHLH) family of transcription factors (E-box, CANNTG).
Cloning and mutagenesis of the rat 1.1 kb Ovol1 promoter The 1.1 kb sequence encompassing the 5′ region from −841 to +230 of the rat Ovol1 gene containing the E-box 1 was amplified by PCR using rat genomic DNA as template and cloned into the pGL2-Basic vector. A point mutation in the E-box 1 was created using a mismatch in the mutagenic primer and a kit (Phusion Site-Directed Mutagenesis Kit; New England Biolabs, Ipswich, MA, USA).
PCR analysis Primers for quantitative PCR and RT-PCR experiments to detect pulled-down DNA fragments from ChIP experiments are in Electronic supplementary material (ESM) Table 1 . The effect of bHLH factors on the expression of Ovol1 was determined using real-time PCR and SYBR Green Universal PCR Mix (Applied Biosystems, Foster City, CA, USA) according to the manufacturer's protocol with tubulin as control; quantification used the ΔΔC t method [23] .
Transient transfection analysis AR42J-B13 or INS-1 cells (5×10 5 ) were plated into six-well plates the day before transfection and then transfected using 2.5 μl lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA) added to 2 μg total mixture of vectors (containing 1 μg pGL2-OVOL1Prom1 [wild-type] or pGL2-OVOL1Prom1Mut [mutant], and 100 ng pcDNA5/TO-NGN3 or pcDNA5/TO-NEUROD1 [mammalian expression vectors] or pCMV-MYOD, with or without 100 ng pcDNA-E47 and 100 ng pRL-TK; pcDNA5/TO was used to balance the amount of DNA). Cells were incubated for 24 h at 37°C, lysed and luciferase activity measured using a kit (Dual Luciferase Kit; Promega, Madison, WI, USA) and Monolight 3010 Luminometer (BD Biosciences, San Jose, CA, USA).
Western blot analysis Lysates from AR42J-B13 cells, acinar tissue, INS-1 cells, islets and testis (10-20 μg protein) were separated on 15% SDS-acrylamide/bisacrylamide gels and transferred on to nitrocellulose membranes. Lysates from 293T cells that were either not transfected or transfected with Ovol1 expression plasmid were prepared and used as an additional control. OVOL1 and β-actin (rabbit anti-OVOL1, 1:1,000; Abcam, Cambridge, MA, USA; goat anti β-actin, 1:5,000; Santa Cruz Biotechnology, Santa Cruz, CA, USA) were detected using a chemiluminescence reagent (Western Lightning; Applied Biosystems, Foster City, CA, USA).
Immunohistochemistry Paraffin sections of pancreases fixed in 4% (wt/vol.) paraformaldehyde were immunostained after microwaving in citrate acid buffer for antigen retrieval using primary antibodies shown in ESM Table 2 . Secondary antibodies were from Jackson Immunolabs (West Grove, PA, USA). DAPI was used for nuclear staining. Peroxidase (Elite ABC kit; Vector Labs, Burlingame, CA, USA) with 3,3′-diaminobenzidine (Sigma, St Louis, MO, USA), a tyramide signal amplification fluorescein system (Perkin Elmer, Waltham, MA, USA) and biotin-streptavidin conjugation methods were used. Sections were examined on a BH-2 microscope (Olympus, Center Valley, PA, USA) or in confocal mode on an LSM 410 microscope (Zeiss, Tornwood, NY, USA). To compare OVOL1 intensity in embryonic pancreases (ESM Fig. 1 ), all sections were stained and photographed in parallel with identical settings. Final images were compiled using Adobe Photoshop.
Statistical analysis For luciferase reporter and quantitative PCR assays, data are presented as mean+SD with statistic comparison of individual experimental treatments conducted using two-tailed Student's t test. A p value <0.05 was considered significant.
Results
To identify direct targets of NGN3, we used ChIP-cloning to isolate protein-bound DNA fragments precipitated by anti-NGN3 antibody from the pancreatic cell line AR42J-B13 infected with NGN3-expressing Ad; these fragments were cloned. ChIP-cloning using anti-NGN3 antibody generated 50 to 80 colonies from cells infected with AdNGN3-EGFP and 20 to 30 colonies from those with control Ad-EGFP. The amount of DNA pulled down by control IgG was negligible and generated only a few colonies each. Hence we have only described analysis of clones identified using anti-NGN3 antibody.
Sequence analysis of insert fragments demonstrated that half of the 80 colonies from AdNGN3-EGFP-treated cells had at least one E-box. The cloned E-box-containing fragments ranged from 1,000 to 1,200 bp. Five independent clones contained the sequence of bHLH neurogenic factor 4 promoter region, five contained the sequence of the zincfinger transcription factor Ovol1 and four contained the sequence of sex-determining region Y box 9 (Sox9) promoters. In contrast, sequence analysis of clones from AdEGFP-treated cells showed only one of 20 clones contained an E-box and none were transcription factors. Analysis of the 5′ flanking region of the rat Ovol1 gene with MatInspector software (www.genomatix.de/online_ help/help_matinspector/matinspector_help.html) identified an E-box at −697 bp (E-box 1), present in the fragment cloned by ChIP-cloning approach, as well as three additional putative E-boxes at −1,177 bp (E-box 2), −1,209 bp (E-box 3) and −1,339 bp (E-box 4; Fig. 1a) . Primers for E-Box1 region of Ovol1 promoter selectively amplified the PCR product with ChIP fragments from anti-NGN3-treated cells as template, confirming Ovol1 as a direct target of NGN3 (Fig. 1b) .
The role of OVOL1 in pancreas is not known. We therefore examined whether Ovol1 mRNA is expressed in pancreatic cells using total RNA prepared from AR42J-B13, INS-1 and rat islets. We also examined levels of OVOL1 protein in whole-cell extracts prepared from AR42J-B13, rat acinar tissue, INS-1 and rat islets; extracts of rat testis were used as positive control. Ovol1 mRNA (data now shown) and OVOL1 protein (Fig. 2a) were detected in all. The specificity of anti-OVOL1 antibody to recognise OVOL1 was confirmed by its ability to detect OVOL1 in previously reported tissue (testis) and in wholecell extracts prepared from 293T cells transfected with a plasmid expressing Ovol1 coding sequence, but not in those from untransfected 293T cells. Anti-OVOL1 antibody detected protein bands of different intensities and different mobility in these extracts. Since, there are at least eight serines, threonines and tyrosines in the OVOL1 that can be phosphorylated by different protein kinases, we suggest that the different OVOL1 bands represent different posttranslational modification of this protein in different cell types. By immunostaining, OVOL1 was observed throughout the ductal tree (including common pancreatic ducts, main ducts and small ductules), in islets and (patchily) in acini from adult rat (Fig. 2b) and mouse ( Fig. 2c-e) pancreas. Although we isolated OVOL1 as a target of NGN3, which is observed only in endocrine progenitors, detection of OVOL1 in all major pancreatic cell types suggests that it may also have a role in adult pancreatic cell types.
Basic HLH factors, such as NGN3, bind to the E-box as heterodimers with ubiquitously present bHLH proteins, such as E47, E12 and HEB [8, 24] . To confirm the ability of NGN3 to regulate Ovol1 expression, luciferase reporter constructs containing wild-type Ovol1 promoter sequence or its derivative with a mutated E-box 1 were co-transfected with Ngn3 and E47 expression vectors in AR42J-B13 cells. The presence of NGN3 and E47 together caused a fivefold reduction in luciferase activity from wild-type but not from the mutated E-box construct, demonstrating that NGN3 inhibits Ovol1 expression via the E-box 1 element (Fig. 3a) . The effect of different bHLH factors was also examined to assess the specificity of inhibition of endogenous Ovol1 expression. Inducing the production of either NGN3 or NEUROD1 in AR42J-B13 and INS-1 cells reduced endogenous Ovol1 mRNA, but overexpression of musclespecific bHLH factor MYOD did not (Fig. 3b) . Reduced OVOL1 protein in extracts from cells transfected with NGN3 and NEUROD1 but not MYOD confirmed the selectivity of pancreatic bHLH factors to inhibit Ovol1 expression (data not shown).
As shown above, Ovol1 is a direct target of NGN3, which is expressed in endocrine progenitors in a narrow time frame [1, 2] , suggesting that Ovol1 expression should increase as NGN3 level decreases. At E12.5, OVOL1 protein was undetectable in pancreatic and duodenal Fig. 2 OVOL1 is detected in multiple pancreatic-derived cell lines and adult rodent pancreas. a Immunoblot analysis using anti-OVOL1 antibody on whole-cell lysates from AR42J-B13, acinar tissue, INS-1, rat islets and testis as positive control. A protein band of ∼45 kDa corresponding to OVOL1 was detected in pancreatic cell lines, acinar, islets and testis. The specificity of OVOL1 antibody was verified by immunoblot for OVOL1 in 293T cells transfected with a plasmid expressing Ovol1 coding sequence, as well as untransfected 293T cells. b Within the adult rat pancreas OVOL1 protein (brown) showed strong signals in nuclei of pancreatic islets (I) and ducts (d). Its levels in acinar cells were patchy, with some cells showing no OVOL1 staining (black arrows) while several had strong levels (red arrows). c-e Similarly in adult mouse pancreas, OVOL1 (green) was present in almost all beta cells (c) (insulin in red), alpha cells (d) (glucagon in red), ducts (d) and in acini (e) (amylase in red). Scale bar, 50 μm Table 1) homeobox 1-positive pancreatic epithelium (Fig. 4a, b) ; at E15.5, when a significant number of cells with high levels of NGN3 were seen, only a few OVOL1-positive cells were observed (Fig. 4c) . At E15.5, NGN3 + cells, which are mainly located in 'trunk areas' of ductal epithelium, showed almost no OVOL1 levels (Fig. 4c) , but some cells in 'tip areas' with amylase + differentiating acini (with no NGN3) showed OVOL1. At E18.5, when the number of NGN3-producing cells was reduced, the OVOL1 level was substantially higher in amylase + acini (Fig. 4d) and insulin + cells close to ducts (ESM Fig. 1 ). At this stage, NGN3 + cells were either low in OVOL1 or OVOL1-negative. Closer to birth, increased OVOL1 levels, both in intensity and number of positive cells, were seen (ESM Fig. 1 ). Overall, as NGN3 levels decreased in differentiating endocrine cells, OVOL1 levels increased. At E15.5 the number of cells with low OVOL1 was greater than can be accounted for by endocrine progenitors or endocrine cells; and with age, OVOL1 was seen in all pancreatic cell types. Thus, OVOL1 is present in differentiating precursors of all three pancreatic cell types.
In hair follicle and reproductive systems, OVOL1 inhibits proliferation of stem/progenitor cells and enhances their differentiation into terminally differentiated cell types [15] . Therefore, we examined whether the levels of OVOL1 changed in concert with the balance between pancreatic proliferation and differentiation. By E18.5, OVOL1 levels significantly increased in amylase + tip cells, which are quiescent. Interestingly, there are several populations in epithelial cord (duct) cells and centro-acinar cells that may serve as progenitors. One of these was positive for Ki67 and not for OVOL1 (Fig. 5a) , another was positive for Ki67 and weak for OVOL1 (Fig. 5a ) and a third was strongly positive for OVOL1 and weak for Ki67 (Fig. 5a, ESM  Fig. 2 ). This observation suggests that, in progenitor cells, OVOL1 may regulate a balance between proliferation and differentiation, while differentiated cells only show OVOL1. Consistent with the inverse association between Ki67 and OVOL1 in differentiated cells, we observed that a significant proportion of quiescent cells in adult pancreas expressed high levels of OVOL1 (Fig. 5b) , while the occasional Ki67 + islet cells in adult animals were negative for OVOL1.
To further explore this inverse correlation of OVOL1 with proliferation, we examined OVOL1 levels after partial pancreatectomy, a well-characterised model of pancreatic regeneration [22] . At 3 to 4 days post surgery, newly forming pancreatic lobes (foci of regeneration or focal areas) are seen with proliferating ductules (young areas enriched in ducts) and newly differentiating cells [25] . The early stages of these new lobes are seen as small proliferating ductules that have many markers of pancreatic progenitors [26] . OVOL1 levels were high in remnant pancreas, but very low in ductal structures in these focal areas (Fig. 5c, d ). These data are consistent with high OVOL1 levels in quiescent adult cells and low levels in proliferating cells (Fig. 5a) . Thus, similar to its role in other tissues, Ovol1 expression in pancreas is inversely associated with proliferation.
Discussion
NGN3 is a key transcription factor of endocrine differentiation, so identification and characterisation of its targets would be an important step towards regulating differentiation of beta cells. Using a ChIP-cloning approach to search for direct targets of NGN3, we identified a zinc-finger transcription factor OVOL1. Ovo is an evolutionarily conserved family of genes that is found in C. elegans, Drosophila, mice and humans, and regulates development of epithelial tissues and germ cells [27] [28] [29] . In mice, Ovol1 has a limited cellular distribution, with expression reported in skin, testis and kidneys [15, 27, 30] . OVOL1 often acts as a transcriptional repressor that promotes transition of cells from a proliferating, less differentiated state to a postmitotic, more differentiated state [15] . This property of OVOL1 is appropriate for it being a downstream target of NGN3, a transcription factor that regulates conversion of pancreatic progenitors (proliferating, less differentiated) into endocrine cells (post-mitotic, more differentiated). During development, transient production [2, 4] of NGN3 is sufficient to induce production of several transcription factors that then regulate endocrine differentiation [6, 8] . While NGN3 activates most of its characterised targets, it can inhibit transcription both of itself [31] and of Ovol1. Additionally, bHLH factor NEUROD1, but not MYOD, also inhibits Ovol1 expression via E-box 1 (Fig. 3 and data not shown), suggesting that other pancreas-enriched bHLH factors expressed in ductal and acinar cells may regulate Ovol1 expression in these cell types. NEUROD1 is likely to regulate postnatal expression of Ovol1 in endocrine cells, while NGN3 may play the primary role during embryonic development and neogenesis after birth [32] .
Recent large-scale analyses of gene expression have successfully identified several downstream targets of NGN3 + ductules, red) in regenerating foci, indicating that OVOL1 levels increase with differentiation. Blue (d), amylase. Scale bar, 50 μm [12] [13] [14] . In these studies, the detection of NGN3 targets was based on the identification of genes expressed in NGN3 + but not in NGN3 − pancreatic cells during embryonic development, a process that is unlikely to identify genes inhibited by NGN3, such as Ovol1. Consistent with this prediction, Ovol1 was not identified as a differentially expressed gene in these studies [8, 12] ; this lack could in part be due to the low expression of Ovol1 and/or absence of an Ovol1 probe set in the arrays used, as well as to expression of Ovol1 in all pancreatic cell types. Petri and colleagues [14] compared wild-type and NGN3 knockout pancreas from E13.5 and E15.5 using ArrayTAG 20 K murine gene collection spotted oligos. They identified only a few genes that were upregulated in Ngn3 knockout mice at E15.5, a time when only occasional cells express Ovol1.
Another study [13] that used a similar experimental strategy analysed gene expression data at E18.5. Re-analysis of these results showed a twofold increase in Ovol1 expression at E18.5 when NGN3 levels are reduced (data not shown), which is consistent with our conclusion that Ovol1 is a downstream target of NGN3. Insights on the function of OVOL1 have been gained from Ovol1 null mice. On a mixed genetic background, Ovol1-deficient mice are small, produce aberrant hairs, have abnormalities in kidney and display hypogenitalism with a reduced ability to reproduce [27] . The developing epidermis of Ovol1 −/− mice fails to properly restrict the proliferative potential of progenitor cells and cultured keratinocytes failed to undergo growth arrest in response to extrinsic growth-inhibitory signals. Possible mechanisms involved include upregulation of c-myc expression, which is directly inhibited by OVOL1 in Ovol1-deficient suprabasal cells [15] . In the testis, Ovol1-deficient germ cells are defective in progressing through the pachytene stage and have upregulated expression of Id2, a known regulator of spermatogenesis that is directly inhibited by OVOL1 [30] . These OVOL1 targets, inhibitor of differentiation 2 (ID2) and c-Myc, have known effects in the pancreas. Thus ID2 protein inhibits NEUROD1 binding to its target E-box [33] and c-Myc represses insulin transcription while promoting proliferation of beta cells [34] , thereby controlling the inverse relationship between proliferation and differentiation in pancreatic endocrine cells. By regulating levels of transcription factors such as c-Myc and ID2, OVOL1 could inhibit proliferation of progenitors and enhance their differentiation into mature cell types. Preliminary analysis of pancreases from litters containing 3-week-old Ovol1 wild-type, heterozygous and null animals on C57/BL6J background showed increased Ki67-positive cells in all pancreatic compartments in the Ovol1-deficient compared with control pancreas (data not shown). One of the limitations of this analysis was that on a pure C57/BL6J background, survival of Ovol1 knockouts was reduced both from E15.5 to E18.5 and during the first two postnatal weeks [35] . Hence we cannot discriminate between the loss of Ovol1 function vs any survival effect. A systematic analysis of Ovol1 knockout mice will be required to confirm the role of this factor in the pancreas. In summary, we report the identification of a novel NGN3 target, Ovol1, which represents a new class of genes inhibited by NGN3. We show that during embryonic development Ovol1 expression is inversely correlated with that of NGN3 and Ki67. A similar inverse correlation between OVOL1 and Ki67 levels exists during pancreatic regeneration. We show that Ovol1 is broadly expressed in all pancreatic cell types in late embryos and adults, and that its expression is regulated by pancreatic bHLH factors. Our findings that Ovol1 expression is initiated during secondary transition and is enhanced in differentiated but not in dividing cells suggest that OVOL1 may regulate the balance between proliferation and differentiation of pancreatic progenitors. In adults, OVOL1 may play an important role in maintaining the quiescence/differentiated state of pancreatic cells. Further characterisation of this factor could enable it to be used to enhance the proliferative potential of embryonic and adult pancreatic progenitors.
